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electrical cycle of an alternating current signal, and applying 
a phase plane plot arc fault monitoring algorithm to the phase 
plane plot data to determine whetheran arc fault is present. An 
arc fault detection algorithm and an arc fault confirmation 
algorithm are employed to detect and confirm the presence of 
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1. 

ARC FAULT DETECTION AND 
CONFIRMATION USINGVOLTAGE AND 

CURRENT ANALYSIS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to India Patent Application 
No. 648/DEL/2005, filed Mar. 24, 2005, which is incorpo 
rated herein by reference. 

FIELD OF THE INVENTION 

The invention relates generally to electrical fault detection, 
and more specifically to detecting arc faults using Voltage and 
current monitoring. 

BACKGROUND 

Electrical circuits such as house wiring, industrial controls, 
and aircraft electrical systems often use relatively high volt 
ages and are capable of Supplying high currents, such that 
electrical faults can be particularly dangerous. An arc fault is 
one such type of electrical fault, resulting from current dis 
charge from one conductor to another in an electrical circuit. 
The arc fault is typically the result of some unintended 

change in physical configuration between conductors that 
allows current to either flow through a conducting medium or 
jump across a nonconductive medium from one conductor to 
another. One common example is worn or aged insulation 
around electrical wiring in a home, which allows the house's 
wiring to contact other house wiring. Similarly, loose con 
nections in an outlet, junction box, or light can allow a circuit 
wire to become free and move, coming in contact with 
another conductor and creating an arc fault. 

Wiring can also be damaged by sharp objects during insu 
lation. Such as by nicking a wire's insulation during instal 
lation or wear as a wire rubs against a sharp edge of a junction 
box. Various connectors and contacts can also wear and 
deform, and saltbridges can form between conductors in Salty 
or corrosive environments such as near saltwater. Electrical 
codes and wiring standards seek to minimize the chances of 
Such arc faults occurring, but they remain a significant source 
of damage to electrical systems and their environments. 

These arc faults are the root cause of a number of industrial, 
residential, and aircraft accidents, particularly in electrical 
distribution systems. It is therefore important to be able to 
detect arc faults in electrical systems such as power distribu 
tion systems, so that the damage done can be regulated. 

Overcurrent regulators such as traditional circuit breakers 
and fuses can’t handle all arc faults, because the fault currents 
are often within the normal current range of the circuit 
breaker or fuse. Sparks jumping from one conductor to 
another, for example, can have relatively little current despite 
near-constant sparking or arcing. Similarly, as insulation 
between two conductors becomes worn, the contact area 
between conductors is very Small at first and low-current arcs 
jump between conductors. Similarly, normal arcs are com 
mon in a variety of setting including home and residential, as 
a result of motors starting, capacitors charging, and other Such 
spikes in current draw in a circuit. 

This illustrates the need for a method for accurately detect 
ing arc faults in an electrical circuit, even at relatively low 
current levels. 
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2 
SUMMARY 

The present invention provides in one example embodi 
ment a method of detecting an arc fault in an electrical circuit 
by recording phase plane plot data of current versus Voltage 
for at least one electrical cycle of an alternating current signal, 
and applying a phase plane plot arc fault monitoring algo 
rithm to the phase plane plot data to determine whetheran arc 
fault is present. In a further embodiment, an arc fault detec 
tion algorithm and an arc fault confirmation algorithm are 
employed to detect and confirm the presence of series and 
parallel arc faults in a circuit. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shows a phase plane current V. Voltage plot of one 
cycle of a power signal attached to a normal load, consistent 
with an example embodiment of the present invention. 

FIGS. 2 through 4 show a phase plane current V. Voltage 
plots of one cycle of a power signal attached to loads via 
conductors having arc faults, consistent with example 
embodiments of the present invention. 

FIG. 5 is a flowchart showing a method of detecting an arc 
fault, consistent with an example embodiment of the present 
invention. 

FIG. 6 is a block diagram of an arc fault detector in a power 
distribution network, consistent with an example embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

In the following detailed description of sample embodi 
ments of the invention, reference is made to the accompany 
ing drawings which form a parthereof, and in which is shown 
by way of illustration specific sample embodiments in which 
the invention may be practiced. These embodiments are 
described in sufficient detail to enable those skilled in the art 
to practice the invention, and it is to be understood that other 
embodiments may be utilized and that logical, mechanical, 
electrical, and other changes may be made without departing 
from the spirit or scope of the present invention. The follow 
ing detailed description is, therefore, not to be taken in a 
limiting sense, and the scope of the invention is defined only 
by the appended claims. 
One example embodiment of a method of detecting an arc 

fault in an electrical circuit records phase plane plot data of 
current versus Voltage for at least one electrical cycle of an 
alternating current signal, and applies a phase plane plot arc 
fault monitoring algorithm to the phase plane plot data to 
determine whether an arc fault is present. This and other 
example embodiments are described in greater detail herein. 

FIGS. 1-4 shows a variety of current versus voltage plots 
tracking current versus Voltage over a fall cycle of an alter 
nating current (AC) power signal in the presence of Supply to 
ground arc faults. Example applications include the standard 
60 Hz, alternating current power signal provided to most 
homes and businesses, as well as 400 Hz power distributed in 
aircraft, and other such applications. The plot of FIG. 1 illus 
trates a typical current versus Voltage plot, and a variety of 
atypical current versus Voltage plots Suggesting presence of 
an arc fault are shown in FIGS. 2, 3, and 4. The curve traced 
at FIG. 1 is a flattened oval shape, but is a smooth, continuous 
curve. In contrast, the curves shown at FIGS. 2, 3, and 4 do not 
end in the same place at which they start, and therefore Sug 
gest the presence of an arc fault. 

But, because the load can change somewhat during the 
course of an AC cycle, the endpoints of Such a plot will not 
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necessarily meet exactly even under actual load conditions. 
Detection of an arc fault will therefore in some embodiments 
consider the distance between the endpoints of the curve. For 
example, the endpoints of the curve of the plot shown in FIG. 
3 are relatively far apart, and quite likely suggest an arc fault 
is present. The endpoints of the curve shown in FIG. 2 are 
Somewhat closer, but still strongly suggest an arc fault is 
present. The curve in FIG. 4 has endpoints that are distinctly 
separate, but that are somewhat near one another and that 
Suggest the presence of an arc fault less strongly than end 
point analysis of FIGS. 2 and 3. 
Some example methods of arc fault detection will therefore 

employ other algorithms, or combinations of algorithms, to 
detect or confirm the presence of an arc fault. Looking again 
at the curve of FIG. 1, the normal curve is seen to be sym 
metric about the origin of the plot, or about the center of the 
oval formed by the current versus voltage plot. 

Another characteristic of the current V. Voltage curves 
shown in FIG. 1 that can be observed or measured to estimate 
the presence of an arc fault is symmetry of the curve about a 
central point. In the normal single-cycle curve shown at 101, 
the curve has symmetry about the origin, which is also the 
central point of the oval formed by the current V. Voltage plot. 
More specifically, each point of the curve is very closely 
matched by a point the same distance away from the center 
point and opposite the center point. In the curves of FIGS. 2. 
3, and 4, significant deviations from symmetry around a cen 
ter point can be seen, both in distance and direction of the 
curve relative to the center point as the curve traces out a full 
cycle. 
The center point or origin is encircled by the current V. 

voltage plot of FIG. 1, but is not encircled or enclosed by the 
arc-fault current V. Voltage plots of FIG. 2 or 3, and is on the 
curve shown in FIG. 4. The position of the center point or 
origin within the curve can also be examined, and a significant 
shift from the Zero Voltage, Zero current point (the origin) to 
the center of the current-Voltage curve can be an indication of 
an arc fault. Further, if the origin is not encircled by the 
current V. Voltage plot, as is the case for FIGS. 2, 3, and 4, the 
presence of an arc fault is suggested. 

Examination of the curve of FIG. 1 also shows that a 
characteristic slope is present in the flattened oval—a line can 
be drawn tangent to the longest axis of the oval shape, which 
approximates the average slope of the curve as a whole. This 
slope is observable as an average slope of the curve, as well as 
a characteristic slope of he two flattened sides of the oval 
curve. Comparison to the curves of FIGS. 2, 3, and 4, show 
that the slope of the curves is not the same, either as an 
average or when the slope of long sections of relatively flat 
sections of the curve are examined. Presence of an arc fault is 
Suggested in one specific embodiment of an arc fault detector 
by evaluating the slope of the curve at each sampling point, 
and evaluating the number of times the slope changes sign. 

Examination of the curve of FIG. 1 also shows that the 
representative normal current V. Voltage curve shown crosses 
the Voltage and current axes that pass through the origin or 
Zero current, Zero Voltage point, twice on each axis. The axis 
crossings also take place at points symmetrical about the 
origin, or at points equidistant from the other axis. The num 
ber of intercepts of an axis can be observed independently or 
in conjunction with symmetry of the axis intercepts, and used 
to estimate whether an arc fault is present. Looking at the 
curve of FIG. 2, the curve crosses the Zero current axis once, 
and crosses the Zero Voltage axis once, Suggesting an arc fault 
may be present. Evaluation of the symmetry of axis intercepts 
is not useful here, because neither axis is intercepted by the 
curve more than one time. Examination of the current V. 
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4 
Voltage curve of FIG.3 shows again a single Zero current axis 
crossing, but multiple Zero Voltage axis crossings. This alone 
Suggests that an arc fault may be present, but further exami 
nation of the lack of symmetry of the two Zero-voltage axis 
intercepts shows that the intercepts are not the same distance 
from the origin, further suggesting presence of an arc fault. 

Referring still to FIGS. 1-4, it can be seen that the slope of 
the phase plane plot of FIG. 1 varies in a regular and predict 
able manner, while the slope of the phase plane plots shown in 
FIGS. 2-4 show more dramatic changes in slope, as well as 
more variation in slope over the course of a power cycle. The 
presence of an arc fault can therefore also be detected or 
confirmed in various embodiments by monitoring the slope 
during the course of an AC power cycle, such as by calculat 
ing the slope at sampling points and comparing the slope 
between Successive sampling points along the phase plane 
plot curve. Similarly, the normal phase plane plot of FIG. 1 
shows a Smooth and continuous rotation about the origin, 
while the plots of FIGS. 2-4 show reversal of direction, and 
lack of complete or Smooth rotation about the origin. 

In addition to evaluating the shape of a characteristic cur 
rent-Voltage curve, such as the single-cycle current-Voltage 
curves shown in FIGS. 1-4, other signal characteristics can be 
easily measured and characterized to estimate the presence of 
an arc fault. The typical power signal of FIG. 1, for example, 
contains relatively little spectral content other than at the AC 
power frequency. Typical AC power signals are delivered at 
60 Hz for residential or commercial power, and are provided 
at other frequencies for some applications such as 400 Hz for 
high-performance computer systems and airplane power sys 
tems. This fundamental power frequency is typically the 
dominant frequency observable in the power signal during 
normal operation, but can be accompanied by significant 
broadband noise in the presence of an arc fault. Examination 
of the spectral or frequency components of a signal over 
various periods of time can therefore also be used to identify 
or suggest the presence of an arc fault in a line. 

Although these and other methods can be used to Suggest 
the presence of an arc fault in a network, a combination of 
methods will provide greater certainty that an arc fault is 
present, and will help weed out temporary glitches in power 
signals that occur from normal events such as current inrush 
into a starting motor or a charging capacitor when a Switch is 
thrown. In one example embodiment of the invention, some 
of these methods are applied in a detection portion of the 
arc-fault algorithm, and additional methods are applied in an 
arc fault verification portion of the algorithm. For example, a 
detection algorithm consists of examining a phase plane plot 
of the current V. Voltage relationship of a power signal within 
a particular alternating current power cycle. If the detection 
algorithm determines an arc fault may be present, the current 
V. Voltage phase plane plot over a period of multiple cycles is 
analyzed to determine whetheran arc fault is actually present. 

Evaluation of the phase plane plot is performed in some 
embodiments by Sampling the current and Voltage at regular 
intervals, such as from 40 to 100 samples per alternating 
current cycle. The samples are stored in a memory, and are 
used as data points for the various arc fault detection and 
confirmation algorithms. These data points are also used in 
further embodiments to derive area, perimeter, maximum 
current, maximum Voltage, and other parameters of an alter 
nating current cycle to detector confirm the presence of anarc 
fault. 

In some further embodiments, the detection algorithm is 
able to estimate whether an arc fault is a series or parallel arc 
fault, and uses the detected arc fault type information in 
employing the arc fault confirmation algorithm. For example, 
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a parallel arc fault confirmation process may require that 
confirmation be completed in a relatively short period, such as 
100 milliseconds, while a series arc fault detection may be 
confirmed using an arc fault confirmation algorithm over a 
longer period such as a period of two seconds. In still other 
embodiments, a detection algorithm employs one or more 
methods to detect the presence of an arc fault over a period of 
at least several clock samples, and further employs an arc 
fault confirmation algorithm comprising one or more meth 
ods to confirm the presence of an arc fault over Subsequent 
samples. For example, in one embodiment each cycle is 
monitored independently for detection of an arc fault, and 
when an arc fault is detected a confirmation algorithm is 
applied to multiple Subsequent cycles to confirm the presence 
of an arc fault before action is taken. 
Upon detection and verification of an arc fault, the power 

signal or other electrical network signal being monitored will 
be cut off or tripped in Some examples via a circuit interrup 
tion circuit or relay. An example of such a method is shown in 
greater detail in the flowchart of FIG. 5. The arc fault detec 
tion system is initialized at 501, and parameters such as the 
number of samples per cycle of the power signal being moni 
tored are updated or configured at 502. Current and voltage 
data for a cycle of the power signal being monitored are 
recorded at 503, such as by retrieving the data from a buffer 
that stores monitored data. At 504, if all current samples are 
Zero or are approximately Zero, it can be reasonably assumed 
that there is no load and that no arc faults are present, so the 
method returns to 502 to update parameters for the next power 
cycles. 

In one example, if all current samples are Zero and the 
method repeatedly loops back to 502 from 504, the number of 
samples needed per cycle may be significantly fewer than will 
be recorded if some evidence of an arc fault is detected or if a 
varying load is present. If the current samples are not all 
approximately zero at 504, the phase plane plot similar to 
those of FIGS. 1-4 is produced at 505. A detection algorithm 
is then applied to the phase plane plot at 506, such as by 
employing at least one of the phase plane plot analysis meth 
ods described in conjunction with the discussion of FIGS. 
1-4. If no arc fault is detected at 507, the method returns to 502 
and repeats. If evidence of an arc fault is found, the method 
proceeds to 508, and a confirmation algorithm further ana 
lyzes the phase plane plot data to determine whether the 
current V. Voltage phase plane plot indicates an arc fault is 
present. In some embodiments, the confirmation algorithm 
comprises further application of the phase plane plot evalua 
tion methods discussed previously in conjunction with FIGS. 
1-4. Such as evaluation of arc fault characteristics in phase 
plane plots over a number of successive cycles of ac power. If 
arc fault confirmation requires more data, the method pro 
ceeds from 509 to 502, and in some embodiments increases 
the number of samples taken in the next cycle at 502. If further 
data is not needed and the arc fault is confirmed at 510, the 
circuit is tripped at 511, or is cut off from being fed power or 
an electrical signal to protect the equipment and the environ 
ment from the arc fault. If the data is determined not to 
indicate an arc fault at 510, the parameters and counters 
tracking the arc fault detection data are reset at 512, and the 
method returns to 502 to continue monitoring additional data 
for arc faults. 

These examples of arc fault detection methods and systems 
presented here serve to illustrate how an electrical signal Such 
as the power supply 601 of FIG. 1 can be isolated from a load 
603 via an arc fault detector 602. Although specific examples 
of detection algorithms, confirmation algorithms, systems, 
and other embodiments of the invention are described herein, 
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6 
it will be appreciated by those of ordinary skill in the art that 
any arrangement which is calculated to achieve the same 
purpose may be substituted for the specific embodiments 
shown. This application is intended to cover any adaptations 
or variations of the invention. It is intended that this invention 
be limited only by the claims, and the full scope of equivalents 
thereof. 

The invention claimed is: 
1. A method of detecting an arc fault in an electrical circuit, 

comprising: 
recording phase plane plot data of current versus Voltage 

for at least one electrical cycle of an alternating current 
signal; and 

applying a phase plane plot arc fault monitoring algorithm 
to the phase plane plot data to determine whether an arc 
fault is present, the phase plane plot arc fault monitoring 
algorithm comprising one or more sub-algorithms com 
prising one or more phase plane plot arc fault detection 
methods. 

2. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise characterization of a distance 
between endpoints of an alternating current cycle in the phase 
plane plot data. 

3. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise characterization of symmetry 
about the origin of the phase plane plot. 

4. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise characterizing an angle differ 
ence in slope between Successive values of the phase plane 
plot data. 

5. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise detection of 360-degree rotation 
about the origin of the phase plane plot during an alternating 
current cycle. 

6. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise detection of a number of inter 
cepts of at least one of a Voltage or a current axis of the phase 
plane plot during an alternating current cycle. 

7. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the phase plane plot arc fault 
detection methods comprise detecting a number of times 
slope of the phase plane plot changes between positive and 
negative during an alternating current cycle. 

8. The method of detecting an arc fault in an electrical 
circuit of claim 1, wherein the Sub-algorithms comprise an arc 
fault detection algorithm and an arc fault confirmation algo 
rithm. 

9. The method of detecting an arc fault in an electrical 
circuit of claim 8, wherein the arc fault detection algorithm is 
performed over one or more cycles, and the arc fault confir 
mation algorithm is performed over one or more Subsequent 
cycles. 

10. An arc fault detector comprising: 
a Voltage monitoring module: 
a current monitoring module; and 
an arc fault monitoring module operable to record phase 

plane plot data of current versus Voltage for at least one 
electrical cycle of an alternating current power signal, 
and to apply a phase plane plot arc fault monitoring 
algorithm to the phase plane plot data to determine 
whether an arc fault is present, the phase plane plot arc 
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fault monitoring algorithm comprising one or more Sub 
algorithms comprising one or more phase plane plot arc 
fault detection methods. 

11. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise characteriza 
tion of a distance between endpoints of an alternating current 
cycle in the phase plane plot data. 

12. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise characteriza 
tion of symmetry about the origin of the phase plane plot. 

13. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise characteriz 
ing an angle difference in slope between Successive values of 
the phase plane plot data. 

14. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise detection of 
360-degree rotation about the origin of the phase plane plot 
during an alternating current cycle. 

15. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise detection of a 
number of intercepts of at least one of a Voltage or a current 
axis of the phase plane plot during an alternating current 
cycle. 

16. The arc fault detector of claim 10, wherein the phase 
plane plot arc fault detection methods comprise detecting a 
number of times slope of the phase plane plot changes 
between positive and negative during an alternating current 
cycle. 

17. The arc fault detector of claim 10, wherein the sub 
algorithms comprise an arc fault detection algorithm and an 
arc fault confirmation algorithm. 

18. The arc default detector of claim 17, wherein the arc 
fault detection algorithm is performed over one or more 
cycles, and the arc fault confirmation algorithm is performed 
over one or more Subsequent cycles. 

19. The arc default detector of claim 10, further comprising 
a broadband noise detection module, operable to detect 
broadband noise and to determine whether a detected broad 
band noise level suggests presence of an arc fault. 

20. The arc default detector of claim 10, wherein at least 
one of the Voltage and current monitoring circuits comprise 
analog-to-digital converters operable to convert a detected 
Voltage or current level to a digital signal. 

21. The arc default detector of claim 10, wherein the arc 
fault monitoring module comprises a processor and memory. 

22. The arc default detector of claim 10, further comprising 
a tripping mechanism operable to remove the alternating cur 
rent power signal from a load. 

23. A machine-readable medium with instructions stored 
thereon, the instructions when executed operable to cause a 
computerized arc detector to: 
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record phase plane plot data of current versus Voltage for at 

least one electrical cycle of an alternating current signal; 
and 

apply a phase plane plot arc fault monitoring algorithm to 
the phase plane plot data to determine whether an arc 
fault is present, the phase plane plot arc fault monitoring 
algorithm comprising one or more sub-algorithms com 
prising one or more phase plane plot arc fault detection 
methods. 

24. The machine-readable medium of claim 23, the instruc 
tions when executed further operable to cause the arc fault 
detector to monitor the alternating current signal for spectral 
COntent. 

25. The machine-readable medium of claim 23, the instruc 
tions when executed further operable to plot the phase plane 
plot data in a visible form. 

26. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
characterization of a distance between endpoints of an alter 
nating current cycle in the phase plane plot data. 

27. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
characterization of symmetry about the origin of the phase 
plane plot. 

28. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
characterizing an angle difference in slope between Succes 
sive values of the phase plane plot. 

29. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
detection of 360-degree rotation about the origin of the phase 
plane plot during an alternating current cycle. 

30. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
detection of a number of intercepts of at least one of a Voltage 
or a current axis of the phase plane plot during an alternating 
current cycle. 

31. The machine-readable medium of claim 23, wherein 
the phase plane plot arc fault detection methods comprise 
detecting a number of times slope of the phase plane plot 
changes between positive and negative during an alternating 
current cycle. 

32. The machine-readable medium of claim 23, wherein 
the Sub-algorithms comprise an arc fault detection algorithm 
and an arc fault confirmation algorithm. 

33. The machine-readable medium of claim 32, wherein 
the arc fault detection algorithm is performed over one or 
more cycles, and the arc fault confirmation algorithm is per 
formed over one or more Subsequent cycles. 
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